Hereford-Angus crossbred heifers were fed a cottonseed meal-based diet containing gossypol (14 mg free gossypol·kg body wt −1 ·d −1 ; CSM), a soybean meal-based diet (SBM), or a-tocopherolsupplemented diets (4,036 IU vitamin E·heifer −1 ·d −1 for 90 d; CSM+E and SBM+E). The effects of diet on color stability and aerobic metmyoglobin reducing ability of beef longissimus lumborum ( L L ) and psoas major (PM) were evaluated. The CSM containing gossypol did not affect a-tocopherol concentration, a* value, or hue angle value of beef muscles obtained from control or vitamin E-supplemented cattle compared to their SBM counterparts. Vitamin E supplementation increased endogenous a-tocopherol concentrations and color stability in LL and PM muscles compared with controls from either diet ( P < .05). In the aerobic metmyoglobin reducing ability study, LL and PM muscles were stored in 1%O 2 :99%N 2 ( a pigment-oxidizing atmosphere) for 48 h and subsequently stored aerobically for an additional 48 h. Within the LL, a-tocopherol supplementation delayed metmyoglobin formation in LL exposed to 1%O 2 ( P < .05). Within the PM, no differences in metmyoglobin formation were found between controls and vitamin E treatments in SBM or CSM diets. Relative aerobic metmyoglobin reduction was the same ( P > .05) in LL and PM muscles within SBM or CSM diets for control and vitamin E treatments. a-Tocopherol did not seem to affect metmyoglobin aerobic reducing ability in LL and PM muscles.
Introduction
Gossypol is a yellow polyphenolic pigment commonly found in cottonseeds. Gossypol may inhibit free radical damage in myocardial membrane phospholipids (Janero and Burghardt, 1988) or reduce lipid oxidation in human spermatozoa and erythrocytes (Sheriff et al., 1986) . Alternatively, several researchers (Bender et al., 1988; Lane and Stuart, 1990; Willard et al., 1995) have suggested that the potential undesirable prooxidant effects of gossypol metabolism could be countered by antioxidants. Studies on a potential interaction between gossypol and a-tocopherol have not been reported.
The color of meat is due to a balance between oxymyoglobin oxidation and metmyoglobin reduction (Faustman and Cassens, 1990) . The ability of meat to reduce metmyoglobin to oxymyoglobin has been reported (Ledward, 1972; O'Keefe and Hood, 1982; Renerre and Labas, 1987) . Supplementation of cattle diets with vitamin E delays lipid and oxymyoglobin oxidation (Faustman et al., 1989) . However, the possibility that a-tocopherol might favorably affect aerobic metmyoglobin reduction to delay meat discoloration has not been studied.
The objective of this study was to evaluate the effects of dietary vitamin E supplementation and a CSM diet containing gossypol on metmyoglobin reducing ability and meat color stability in beef longissimus lumborum and psoas major muscles. 
Materials and Methods

Animals and Diets
Hereford-Angus crossbred heifers ( n = 24; average weight 397 kg) were assigned randomly to one of four dietary treatments (six animals/treatment) at the Beef Research Unit, University of Florida, Gainesville. The treatments were as follows: soybean meal-based diet formulated to supplement 216 IU vitamin E ( SBM) ; soybean meal-based diet formulated to supplement 4,036 IU vitamin E·heifer −1 ·d −1 ( SBM+E) ; cottonseed meal-based diet formulated to supplement 216 IU vitamin E·heifer −1 ·d −1 ( CSM) ; and cottonseed meal-based diet formulated to supplement 4,036 IU vitamin E·heifer −1 ·d −1 ( CSM+E) . Vitamin E was provided as DL a-tocopheryl acetate. Supplements (Table 1 ) were formulated to provide equal amounts of total digestible nutrients, protein, and minerals to meet NRC (1984) nutritional requirements. The animals had access to mature Bermudagrass ( Cynodon dactylon) hay with an a-tocopherol concentration of 9.1 IU/kg of dry mass. Gossypol content in the CSM diet was analyzed (AOCS, 1985) . The CSM diets contained .14% free gossypol that would provide 14 mg of free gossypol·kg body wt −1 ·d −1 . The animals were fed the supplemented diets individually via Calan gates for 90 d. After the animals were slaughtered, longissimus lumborum ( LL) and psoas major ( PM) muscles were removed from each carcass at 24 h postmortem, vacuum-packaged, shipped overnight to the University of Connecticut, and stored at 4°C. The protocol for animal care has been approved by the University of Florida's Institutional Animal Care and Use Committee.
Storage Study
At 14 d postmortem, duplicate slices ( 1 cm thick) were prepared from each LL and PM muscle and placed on fiberboard trays, overwrapped with oxygenpermeable PVC film (15,500 to 16,275 cm 3 ·m 2 ·24 −1 h at 23°C ) and stored at 4°C for 9 d under constant illumination from cool white fluorescent lights (581 lx). On each day, color analysis was performed with three random measurements across each beef slice surface using a Minolta Chromameter CR 200 (Osaka, Japan); a*, b*, and L* values were recorded, and hue angle was calculated: hue angle = tan −1 (b*/ a*) * 360°/2p.
Aerobic Metmyoglobin Reducing Ability
One slice ( 1 cm thick) was removed from each LL and PM, and two cores (12 cm 2 × 1 cm thick) were extracted from each slice. Cores were placed on fiberboard pieces (4.5 × 4.5 cm), overwrapped with oxygen-permeable PVC film, and placed individually into plastic weigh boats. Each weigh boat was inserted into a gas-impermeable pouch, flushed with a gas mixture of 1%O 2 :99%N 2 ( a pigment-oxidizing atmosphere), and sealed. These modified atmosphere packages were then stored in the dark at 4°C. Following 48 h of storage, beef cores were removed from packages and analyzed immediately for surface metmyoglobin accumulation using a Shimadzu UV-Vis 2100 spectrophotometer (Shimadzu Scientific Instruments Inc., Columbia, MD) equipped with an integrating sphere for diffuse reflectance (Stewart et al., 1965) . Following metmyoglobin determination, beef cores were stored aerobically at 4°C in the dark for 24 and 48 h (Ledward, 1972) , and surface metmyoglobin accumulation was determined as previously described.
Metmyoglobin reduction was calculated as follows according to Faustman and Cassens (1990) : Absolute reduction = decrease in metmyoglobin percentage units during 24 h of aerobic storage following 48 h storage in 1%O 2 :99%N 2 ; Relative reduction = (absolute reduction/metmyoglobin formed during storage in 1%O 2 :99%N 2 ) × 100.
α-Tocopherol Analysis a-Tocopherol concentrations in LL and PM muscles were determined according to Njeru et al. (1995) using normal phase, isocratic high-performance liquid chromatography with fluorescence detection.
Statistical Analysis
Data were analyzed with the General Linear Models procedure of SAS (1985) with a split-split-plot design. Animals were assigned to treatments for each muscle and time. Treatment was considered as the main plot, treatment × muscle as subplot, and treatment × muscle × time as sub-subplot. Differences among treatment means were detected using the LSD procedure after a significant F-statistic was detected. Figure 1 . The a* values of longissimus lumborum (1a) and psoas major (1b) muscles from cattle fed diets with soybean meal (SBM) or cotton seed meal (CSM) and supplemented with vitamin E at levels of 216 IU·heifer −1 ·d −1 (SBM or CSM) or 4,036 IU·heifer −1 ·d −1 (SBM+E or CSM+E) and stored at 4°C for 9 d. n = 6/ treatment; standard error bars are indicated.
Results and Discussion
α-Tocopherol Concentration
Alpha-tocopherol concentrations of longissimus lumborum ( L L ) and psoas major (PM) muscles are presented in Table 2 . Within controls or vitamin E treatments, SBM and CSM had similar a-tocopherol concentrations within a given muscle ( P > .05). This indicated that endogenous a-tocopherol concentrations were not affected by gossypol in CSM. Vitamin E supplementation increased endogenous a-tocopherol concentrations relative to controls by 2.5-, 2.1-, 3-, and 3.6-fold in SBM (LL), CSM (LL), SBM (PM), and CSM (PM), respectively ( P < .05). No difference in a-tocopherol concentration was observed between LL and PM within a diet × vitamin E treatment ( P > .05). This is contrary to previous reports that showed that PM had higher a-tocopherol concentrations than longissimus lumborum (Arnold et al., 1993; Chan et al., 1996) . Recently, Kelly et al. (1996) reported that a-tocopherol concentration was higher in vitamin Etreated psoas major than in longissimus lumborum, but that no significant differences were observed in atocopherol concentration between these muscles from cattle fed the basal diets.
Storage Study
Redness, a* value, decreased over 9 d of storage at 4°C in LL and PM muscles for all diet × vitamin E treatments (Figure 1a and 1b) . Within vitamin E treatments and controls, no significant difference in a* value was observed between SBM and CSM for LL and PM muscles ( P > .05; Figure 1a and 1b) . These results suggested that the cottonseed meal-based diet containing gossypol (CSM) did not affect color stability in LL and PM muscles subsequently obtained from these animals. In a given muscle, SBM+E and CSM+E showed higher a* values than SBM and CSM, respectively ( P < .05; Figure 1a and 1b), indicating that vitamin E treatment increased meat color stability. These results are in agreement with previous reports that dietary vitamin E supplementation of cattle yielded meat with improved color stability (Arnold et al., 1993; Sherbeck et al., 1995; Chan et al., 1996) . There were no diet × vitamin E treatment differences in L* or b* values (data not shown).
Hue angle (degree change from redness to yellowness) was highly correlated with sensory assessment of beef discoloration and may be a more appropriate objective measure of beef discoloration than a* value (Lanari et al., 1995; Chan et al., 1996) . Vitamin E Figure 2 . Hue angle values of longissimus lumborum (2a) and psoas major (2b) muscles from cattle fed diets with soybean meal (SBM) or cotton seed meal (CSM) and supplemented with vitamin E at levels of 216 IU·heifer −1 ·d −1 (SBM or CSM) or 4,036 IU·heifer −1 ·d −1 (SBM+E or CSM+E) and stored at 4°C for 9 d. n = 6/ treatment; standard error bars are indicated.
treatments (SBM+E and CSM+E) showed lower hue angle values than controls (SBM and CSM) in LL and PM muscles during storage ( P < .05; Figure 2a and 2b). Hue angle value was not different between SBM and CSM or between SBM+E and CSM+E in either muscle ( P > .05).
Within each treatment (SBM, CSM, SBM+E, or CSM+E), PM demonstrated lower a* values and higher hue angle values than LL ( P < .05; Figures 1  and 2 ), indicating that PM discolored faster than LL, a result consistent with previous reports (O 'Keefe and Hood, 1982; Chan et al., 1996) .
Metmyoglobin Reduction
More than 45% metmyoglobin accumulation was found in control LL and PM muscles following storage in 1%O 2 :99%N 2 for 48 h at 4°C (Figure 3a and 3b) . This was due to the prooxidative effect of a low pO 2 atmosphere toward oxymyoglobin. Interestingly, metmyoglobin formation in LL was lower in vitamin E treatments than in controls and followed the order SBM+E < CSM+E < SBM = CSM ( P < .05; Figure 3a) . However, no difference in low pO 2 -induced metmyoglobin formation was found between controls and vitamin E treatments for PM muscle ( P > .05; Figure  3b ). In a related study, lipid oxidation in LL beef cores stored in 1%O 2 :99%N 2 for 48 h was lower than previous reports (Arnold et al., 1993) for beef in ambient atmosphere storage (Faustman et al., 1998) . This is noteworthy because a-tocopherol partially inhibited metmyoglobin formation in LL in 1%O 2 . An atmosphere of 1% O 2 would be expected to have a relatively minimal prooxidant effect toward lipid; however, lipid oxidation was not measured in this study. Previous research suggested that vitamin E could protect color stability by inhibiting lipid oxidation (Yin et al., 1993) . Thus, the strong antioxidant effect of a-tocopherol toward oxymyoglobin oxidation in LL during 1%O 2 storage is not readily explained.
Following storage in 1%O 2 , metmyoglobin decreased in LL and PM muscles following 24 h of aerobic storage (Figure 3a and 3b) . Thus, aerobic reduction of metmyoglobin to oxymyoglobin or deoxymyoglobin occurred (Ledward, 1972) . Metmyoglobin percentage was the same within each diet × vitamin E treatment when LL and PM muscles were stored aerobically for 24 and 48 h (Figure 3a and 3b) . This indicated that no further metmyoglobin reduction occurred, or that the effect of metmyoglobin reduction was counteracted by oxymyoglobin oxidation. In LL muscle, the absolute reduction of metmyoglobin was lower in vitamin E treatments (SBM+E, CSM+E) than in controls (SBM, CSM) ( P < .05), and there were no differences in the relative reduction of metmyoglobin ( P > .05; Table 3 ) between control and vitamin E treatments within SBM or CSM. In PM muscle, no differences in absolute or relative reduction of metmyoglobin were observed between control and vitamin E treatments within SBM or CSM ( P > .05; Table 3 ). Thus, vitamin E supplementation did not seem to influence aerobic reducing ability of LL and PM muscles. The PM muscle showed higher metmyoglobin formation than LL muscle after 48 h in 1%O 2 :99% N 2 and subsequent aerobic storage for 24 or 48 h ( P < .05; Figure 3a and 3b) . Chan et al. (1996) found that oxymyoglobin oxidation in oxymyoglobinmicrosomes was independent of the muscle source of microsomes (e.g., longissimus vs gluteus vs psoas). They hypothesized that even though oxymyoglobin oxidation may be affected by the presence of a high concentration of a-tocopherol and lipid oxidation Figure 3 . Surface metmyoglobin formation in longissimus lumborum (3a) and psoas major (3b) muscles stored in 1% O 2 :99% N 2 for 48 h and subsequently stored aerobically for 24 and 48 h at 4°C. Muscles were from cattle fed diets with soybean meal (SBM) or cotton seed meal (CSM) and supplemented with vitamin E at levels of 216 IU·heifer −1 ·d −1 (SBM or CSM) or 4,036 IU·heifer −1 ·d −1 (SBM+E or CSM+E) and stored at 4°C for 9 d. n = 6/treatment; standard error bars are indicated. Keefe and Hood, 1982) and metmyoglobin reducing ability (Ledward, 1985) continued to be important in whole muscles. Our results support this hypothesis in that PM muscle discolored to a greater extent than LL muscle under a 1%O 2 atmosphere in which lipid oxidation would not be expected to be a major factor influencing oxymyoglobin oxidation. For controls, PM and LL muscle demonstrated similar values for absolute metmyoglobin reduction ( P > .05); the LL muscle showed higher relative metmyoglobin reduction than PM muscle ( P < .05). This may have occurred because the amount of metmyoglobin formed in PM muscle after 1% O 2 storage was higher than that in LL muscle; thus, the denominator value of the aerobic reducing ability equation for PM muscle was larger than that for LL muscle. Faustman and Cassens (1990) reported that absolute metmyoglobin reduction was higher in gluteus than in longissimus, but relative metmyoglobin reduction was higher in longissimus than in gluteus. The authors cautioned about the method of data presentation (e.g., relative vs absolute) and concluded that pigment reduction was not the sole determinant of muscle color stability. The effect of a cottonseed meal-based diet on metmyoglobin formation and reduction was compared with that of the soybean meal-based diet. Within controls in LL and PM muscles, SBM and CSM had the same metmyoglobin formation percentage after storage in 1% O 2 :99% N 2 for 24 h ( P > .05, Figure 3) . The absolute metmyoglobin reduction and the relative metmyoglobin reduction of SBM and CSM within controls were also the same ( P > .05, Table 3 ). This suggested that cottonseed meal treatment containing gossypol did not affect the aerobic reducing ability in LL and PM muscles. However, within vitamin E treatments, CSM+E showed higher metmyoglobin formation than SBM+E after storage in 1% O 2 :99% N 2 for 24 h ( P < .05, Figure 3 ) in LL muscles but not in PM muscles ( P > .05, Figure 3 ). The absolute metmyoglobin reduction was higher in CSM+E than in SBM+E in LL and PM muscles ( P < .05, Table 3 ). The CSM+E had lower relative metmyoglobin reduction than SBM+E in LL muscles, and CSM+E had higher relative metmyoglobin reduction than SBM+E in PM muscle ( P < .05, Table 3 ). These results suggested that a cottonseed meal-based diet with vitamin E supplementation may affect aerobic reducing ability in LL and PM muscles. However, because gossypol content in the muscle was not measured in this study, it was uncertain whether this was due to an interaction between the endogenous a-tocopherol and gossypol.
Implications
Vitamin E supplementation increased endogenous a-tocopherol concentrations and color stability in longissimus lumborum ( L L ) and psoas major (PM) muscles. Compared to a soybean meal-based diet, cottonseed meal-based diets containing gossypol had no effect on endogenous a-tocopherol concentrations or color stability in muscles from control or vitamin Esupplemented cattle. Vitamin E treatments showed reduced metmyoglobin formation compared to controls in LL muscle only. No differences in aerobic metmyoglobin reducing ability were found between controls and vitamin E treatments. Thus, a-tocopherol did not seem to affect aerobic metmyoglobin reducing ability in LL and PM muscles.
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